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0 Loading and controlled release of amphlphatic molecules to and from liposomes. 

0 The present Invention relates to an improved transmembrane loading procedure for efflctent loading of 
amphlphatic drugs into liposomes using the transmembrane gradient of ammonium and of pH. The resulting 
liposomes loaded with the daig are stable and safe. The procedure is equally applicable for sustained release of 
liposome-encapsulated drugs. The liposomes may be used in ultrasound imaging to release COz. 



FIG. I 



00 
CO 



ui 




«~ pH 7.5 



0.01 0.1 I 

[(NH4)2S04j^„,/[(NH4)2S04j , 



I In 



XeroN Copy Centre 



TO 



T5 



EP 0 361 894 A2 

LOADING AND CONTROLLED RELEASE OF AMPHIPHATIC MOLECULES TO AND FROM UPOSOMES 

The present invention relates to a transmembrane loading procedure for loading of amphiphatic drugs 
and chemicals into liposomes using the transmembrane gradient. The procedure is equally applicable for 
sustained release of liposome encapsulated drugs. 

Currently, both conventional or nonphospholipid liposomes are rapidly becoming accepted as phar- 
maceutical agents which Improve the therapeutic activity of a wide variety of compounds and provide a 
convenient dmg delivery system. Uposcme dmg delivery systems are reviewed in detail in Cancer Res., 
43:4730 (1983). Phannacol. Rev., 36:277-336 (1984). Uposomes as Dnig Caniers. Gregorladls. G. Ed,. 

NArtley. New York (1988). ^ . ^ . *: * 

Uposomes are suitable delivery vehicles for parenteral, peroral, topical and inhalation administration of 
drugs. Uposomes may improve formulabillty. provide prolonged release, improve the therapeutic ratio, 
prolong the therapeutic activity after each administration and reduce the need for frequent administration, 
reduce the amount of daig needed and/or absorbed by the mucosal or other tissue. 

Loading of the drugs into liposomes has proved to be a measure of their utifity. If there Is a poor 
loading, there is a great loss of the active dnjg and the use of Uposomes as the pharmaceutical vehicle 
becomes uneconomical. In recent years considerable effort has been dedicated to development of systems 
for various methods of loading off drags and biological materials into liposomes. Pharmacol, Rev., 36: 277- 
336 (1984). Liposomes as Drug Carriers . Gregoriadis, G. ed. Wiley, New York. (1988). 

So far several methodThave been developed for liposome drug loading. The simplest method of drug 
loading is a passive entrapment of water soluble drug in the dry lipid film by hydration of lipid components. 
The loading efficiency oPthls method is generally low because it depends on the entrapping volume of the 
liposomes and on the amount of lipids used to prepare them. Chem. Phys. Upids. 40:333-345 (1986), and 
Methods In Biochemical Analysis . 33:337 (1988). Disadvantages of this method are the low entrapment 
heterogen'S)us size and the need for secondary processing steps such as extrusion or sonicatlon. Improved 
passive entrapment of a drag into liposomes has been achieved by using dehydration-rehydratlon method 
were perfonned liposomes are added to an aqueous solution of the drug and the mixture Is dehydrated 
either by lyophilization. evaporation, or by freeze-thaw processing method Involving repeated freezing and 
thawing of multilamellar vesicles which improves the hydration and hence increases a loading. Dlsadvan^ 
tages of these methods are heterogeneous size, difficult standardization and low reproducibility. 

Higher efficiency of drug entrapment into liposomes may be achieved by using high lipid concentration 
or by specific combination of lipid components. For example, an amphiphatic amine doxombicin may be 
encapsulated more effldentiy into liposome membranes containing negative charge. Cancer Res.. 42: 4734- 
4739 (1982). However, in general the drag loading remains a problematic issue. 

The efficiency of drag loading into liposomes depends also on chemical properties of tiie drag. In 
general, water soluble or lipid soluble drags are easier to deal wltti since the lipid soluble compounds easily 
35 incorporate into tiie lipid bilayer during tine liposome formation and ttie water soluble compounds Interact 
wttii tiie polar head group of phospholipids facing inside of liposome and are tiierefore sequestered Inside 
the liposomes. Amphiphatic compounds, on the other hand, are the most difficult to retain Indde tiie 
liposomes as they can rapidly permeate tiirough and do not bind to lipid bilayers. 

One proposed metiiod of loading* amphiphatic molecules into liposomes, described in Chem. Riys> 
40 Upids. 40:333-345 (1986). is drug loading in response to the ion pH gradient by an accumulation oTtte 
amphiphatic drag into liposomes when thek internal pH is lower than the extemal medium pH. 

PCT/US 87/01401. filed June 16. 1986 describes asymmetrical liposome vesicles containing ionlzsble 
lipids or lonizable proteins made In an aqueous environment of controlled pH, tinen exposed to a battling 
medium of a relatively more acidic or relatively more basic pH. 
45 Loading of amphiphatic drags into tiie liposomes, described in tiie J. Biol. Chem., 260:802-808 (1985). 
utilizes tfie transmembrane Na*/K* gradients. Improved loading of local anestiietic dibucaine was obsen/ed - 
only when both sodium and potassium Ions were used and up to about 52% loading was achieved when the 
sodium/potassium gradient was used in combination witii valinomycin. Vallnomycin is known insecticide, 
nematocide and bactericide as well as ionophore and is thus not desirable additive to phamnaceutical 
50 formulations. The metiiod of passive entrapment of tiie antineoplastic drags into the liposomal vesicles* 
described in Biochim. Btophys. Acta. 816:294-302 (1985) uses tiie uptake of tiie drugs Into tiie vesicles In 
response to a valinomycin-dependent K diffusion potential. 

Another method of loading of amphiphatic drug adriamycin into liposomal vesicles, described in 
Biochim. Biophys. Acta, 857:123-126 (1986). is an uptake of tiie drug into tiie liposomes in response to the 
pH gradient. This method would seem to be a reasonably efficient for loading if not for the fact that It Is 
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performed In unphyslologlcally acidic pH and in the presence of the strong base KOH, both of which cause 
the lipid hydrolysis. Also, the obtained liposome-drug vesicles are unstable and around 24 hours suffer from 
a substantial leakage of the drug. 

PCT/US85/01501 filed on August 7, 1985. describes encapsulation of antineoplastic, agents Into 
5 liposomes by passive loading, via transmembrane potential, of lipophilic ionizable antineoplastic drugs 
which can exist in a charged state when dissolved in an aqueous medium. The proton gradient is 
established by first trapping (passively) a low pH buffer and then raising the external pH by adding the 
base. The transmembrane potential Is achieved by sodium/potassium chemical gradient in the presence of 
valinomydn. The loading is temperature dependent and the best results are achieved at the temperature of 

A high encapsulation of method for loading water soluble dnjgs in liposomes has recently been 
described in U.S- Patent 4,752,425. However, the disadvantage of this method is that it is based on passive 
entrapment at high lipid concentration. 

Key disadvantages of all tiiese methods are a prolonged exposure of the liposomal lipids to a low pH 
75 environment leading to ^Ipid hydrolysis which causes the drug leakage from liposomes, high lipid concentra- 
tion, the long period of time and elevated temperatures required for loading, and stability problems. 

The current invention provides simple, fast stable, economical, safe, and efficient system for liposome 
drug loading and controlled sustained time release by creating of an ammonium (NH**) gradient between 
two sides of a liposome vesicle membrane. The system is not method dependent i.e. all metiiods of 
20 liposome preparation and all types of liposomes may be used in practicing this invention. The system is 
also useful for ultrasound imaging by using ammonium gradient in liposomes as a source of hyper- 
echogenic CO2 which enhances ultrasound Imaging. 

One aspect of tiiis invention is a simple, safe, fast stable, efficient, and economical ammonium 
transmembrane gradient system for loading of amphiphatic drugs inta liposomes and for ttieir controlled 
2s . sustained, timdrreiease. 

Other aspect of this invention Is the system wherein tiie loading of ttie amphiphatic drug Into liposomes 
is dependent on NH** and pH gradients between the internal and external aqueous phases of the liposome 
vesfoles, which gradients are created by forming liposomes in ammonium solution, by subsequent 
ammonium removal from or dilution in the external aqueous phase of the liposomes which creates an 
30 outflow of neutral ammonia, according to created ammonium gradient from internal to extemaf aqueous 
phase, thus creating reverse, from outside to inside. pH gradient by accumulation of protoris. left behind by 
ammonia In the internal aqueous phase. An influx of deprotonated amphiphatic drug to liposomes according 
to pH gradient is replacing departed ammonium. 

Still anottier aspect of this invention is ttie utilization of ammonium gradient in liposomes to generate 
3S CO2 for ultrasound imaging. 



DETAILED DESCRIPTION OF THE INVEIMTION 
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Brief Description of Drawings 

Rgure 1 describes an entrapment of the drug in ammonium sulfate containing liposomes. 
46 Rgure 2 illustrates the effect of distribution of ammonium sulfate between the intemal and external 

aqueous phases of tiie liposomes on tiie pH gradient 

Rgure 3 illustrates the kinetics of the drug loading into ammonium sulfate liposomes. 
Rgure 4 illustrates the release of the dmg from the ammonium sulfate liposomes. 
Rgure 5 illustrates a generation of COa gas using ammonium gradient in liposomes. 

so 

Detailed Description of the Preparations 



The novel system for loading of amphiphatic drugs into liposomes and the subsequent controlled 
release of the drug from the liposomes is based on tiie formation of ammonium (NH4 *) gradient between 
55 the intemal and external aqueous phase of liposomes. The ammonium gradient is fomned by removing 
ammonium from or by diluting ammonium in external aqueous phase according to desired rate of loading or 
release of amphiphatic molecules. Such removal causes a tiigher concentration of ammonium in intemal 
phase than in extemal phase. Higher concentration of ammonium in tiie aqueous phase inside the 
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liposomes causes diffusion of neutral ammonia molecules NHs from the mtemal to the ^^^^^^'"^/?^ 
every NH3 molecule which leaves the liposome, one proton is left behind. Thus. 7" I" 
which the internal aqueous phase of the liposomes is more addle than the external medium. The magnrtude 
of this gradient is detemiined by the ratio (NH» )out/(NH* ) m. ««„h«„a » 

The weak amphiphatic compound ought to be able to permeate nomially nonpermeat^le membr^e lf 
the SLm can^ .Seated having a higher, more alkaline pH outside than inside of the l^somes Such 
^stSn; n^Sy try to equilibrate. i.e. to achieve the same pH inside as outside. Whettier or not such 
Xqui^bl^^is possible how fast it will happen, depends on the 

separating Hposomes internal aqueous phase from external aqueous phase and on -^T? ^TJ?^ 
ti^. UpiSomes. by virtue of their iipkl bilayers. present an optimal membrane bajrier n^ly 
sS. ^S^rati^n in by themselves, liposomes may be fbm,ed in ^appropriate "«d,um^ch as 
^mo?um sulfate of which a portion will become, in asense. enca^latad ^"^'^''^^^^'^^ 
ammonium sulfate containing liposomes having certain Inner pH. TT.8 pH f P«"f 
between fte amount of loaded ammonium sulfate inside the liposomes and between of ammonium su^e 
o?7p^mi If the outside and inside amounts a,B the same. pH in bo* is "Jntif to me pHo^ 
ammonium sulfate solution or to the pH of the buffer/ammonium sulfate rf the buffer .s added to the 
^mZm ZZl If however, the outsWe ammonium sulfate is substituted, dlkrte^ or exchanged, with 
different salt tiie Inside of Bposomes react quickly by changing pH toward the aadic side. 

TielJcSS^. ammo'Sum sulfate will dissociate Into sulfate anions and ammonium fadons whic^^iH 
further dissodate to neutral ammonia and proton (H ). Neutral ammonium whichjs P«™«^® 
SSi Se liposomes membrane can be. in the practice of this invention. S'^a^? 
w^tSin* sud? as any amphiphatic deprotonated drug. Such drug will pemr^eate into the "POSom^Mand 

p c^remalrtrtg aSr departure of ammonia will attad, to it In 
protonated and will not permeate out of the liposomes until the reverse pH gradient ^atioj^^^ 
whS will be dIssodSed in the liposomes into the proton and the deprotonated drug wh«h will be able 

'^T^^SSirJir^'ent from inside to outside of liposomes by towering the --oi^um on 
outsSe the l^de ammonium will permeate to the outskJe to try to adiieve the transmembrane ammon um 
^^brium «^ wW *us create, by removing ammonia and leaving behind a proton H + . a pH mequ. bnum 
S PH iJlSrind^^^^ liposomes This will result in loading of any available amphiphatic dbug for whK*. *e 
r^me^S^e is ^m,eable and whidi may be deprotonated. When a certain numb^ of ammonlu«r 
nSSs vT depart frSm the Hposomes. the same number of amphiphatic drug molecules P;o>;ded by 
me outside milleu^ill enter the liposomes in exchange for departed ^^'^"'''^^ 
deprotonated form, capable of permeating the liposome membrane, and present in the outskte mri»u. «n 
bTeffidently toaded into liposomes by this procedure. In the liposomes, the drug is protonated and 
merSo^pSl^ cannot teak resulting in accumulation of the weak amphiphates inside the liposomes. 
The system of creating ammonium gradient is Illustrated In Scheme 1. 
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Ammonium hydroxide illustrated In the scheme can be substituted with ammonium sulfate, carbonate, 
bicarbonate or any other ammonium compound which will dissociate in the liposome into the neutral 
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ammonium and proton H + according to the scheme 1 . The M is the amphiphatic molecule possessing a 
reacting site such as. for example, a primary amino group shown in the scheme. 

In this way a substantial and measurable amount ot wealc amphiphatic drugs can be loaded Into 
liposomes, the loading amount and speed can be manipulated and their release from the liposome can be 

5 again controlled by the same system. The stability of the gradient is related to the lipid composition of the 
liposome and to the intactness of the lipid bilayer. The pH gradient fonned can be used to control both the 
loading into and release of amphiphatic drugs from liposomes. This gradient sen/es as a protonmotive force 
for the loading of amphiphatic drug and in reverse as a force for release of the drug. 

This method represents an improvement against other similar gradient loading methods In that it is 

10 simple since it does not require any special chemicals or equipment fast since it takes only short period of 
time to load the liposome with the drug, it provides the drug loaded liposomes which are stable for more 
than two weeks without need to use any dehydration or other method of preservation. It preserves the lipid 
against hydrolysis caused by the high pH or high temperatures. It is economical In that It uses only the 
cheapest and readily available chemicals and equipment, safe in that is uses neutral ammonium sulfate 

75 gradient without need for any harsh acids or bases and efficient in that it allows encapsulation into the 
liposomes of almost 100 % of the encapsulable drug without any loss due to the need for the free drug 
excess. 

A system creating a pH gradient between the inside and outside of liposomes relies on the entrapment 
of ammonium compound such as hydroxide or salt such as sulfate, phosphate, carborwte, bicarbonate and 

20 such others in the liposome vesicles and on the exchange of the outer ammonium sulfate for a different salt 
having non-permeable anion. Any suitable salt such as nitrate, sulfate, phosphate, carbonate, cyanate. 
acetate, benzoate, -bromide, bicarbonate and such others, of sodium, potassium, calcium, lithium, barium, 
magnesium^ aluminum, nickel, copper, bromide," chloride, iodide, fluoride and such others, but preferably 
sodium chloride or potassium jchloride and all buffers such as phosphate, carbonate, bicarbonate or other 

25 buffers commonly known and used in the art can be used in this process. 

By effectively removing the outside ammonium by methods used and recognized In the art. In particular 
by dilution, gel exclusion, dialysis, diallltration. etc., tfie inner ammonium gradient thus created leads to an 
Immediate release from liposomes of a neutral ammonia and' to accumulation of protons inside of 
liposomes, which result In the acidification of the aqueous phase inside the nposome^; Neither the hydrogen 

30 nor the sulphate Ions left behind in the liposomes following the ammonium sulfate dissociation leak readily 
when lipids of high quality are used. Moreover, if the proper experimental conditions are met tiie 
ammonium gradient is stable for at least two weeks or longer. 

The method presents several advantages. First tiie control of the magnitude of tiie gradient Is achieved 
by dilution of ttie liposome suspension in ammonium sulfate with solutions containing different ratios of 

as ammonium sulfate to certain buffers or salts such as sodium or potassium chloride, carbonate, bicartx3nate 
or phosphate buffers in solutions containing from 0.55 M to 0.00055M ammonium sulfate. This point is 
illustrated In Rgure 1. By the degree of dilution, one can achieve a gradient in the range of 0 - 4 pH 
units. The efflux of NHa ions from tiie liposome depends on the NH4 * gradient The larger is the gradient 
tiie lower is ttie pH, and the faster is tiie efflux of NH3 ions, the faster is the influx of the molecules to be 

40 loaded Into liposomes. By manipulating tiie ratio of ammonium sulfate liposomes to salts, variations of a 
gradient as small as 0.25 pH units or as large as 3-4 pH units can be achieved. In alternative, ttie system 
can be manipulated by using the liposomes in ammonium sulfate solution of higher or lower molarity from 
in the range 0.01 M to 1M. preferably 0.05-0.15, to achieve a larger or smaller ammonium gradient resulting 
In a larger or smaller pH gradient. 

45 The procedure is independent of the metivxl of liposome preparation. Thus, the liposomes may be 
prepared as MLV. by solvent injection, including lipid hydration, reverse evaporation, freeze drying or by 
repeated freezing and thawing, and regardless whether the lipid film is thin or tiiick altiiough the thin lipid 
film ^s prefened. The metiiod will work equally well and is equally applicable for small unilamellar vesicles 
(SUV), small liposomes prepared by sonication, by using a French pressure cell, i.e., by passing MLV 

50 tiirough small orifice under high pressure, by solvent injection methods, with solvents such as etiiers or 
alcohols. Similariy, tiie metiiod will work for large unilamellar vesicles (LUV), stable plurilamellar vesicles 
(SPLV) or for oligolamellar vesicles (OLV) whetiier prepared by detergent removal using diaiysis. column 
chromatography, bio-beads SM-2, by reverse phase evaporation (REV), or by fomiation of intermediate 
sized unilamellar vesicles by high pressure extrusions. Metfiods In Biochemical Analysis. 33: 337 (1988). All 

55 these and otiier methods of liposome preparation, known in tiie art. are useful in practicing this invention. 
These methods are described in U.S. Patents 4.235,871; 4.241.046; 4.529,561; 4,737.323 and 4.752,425 
incorporated hereby by reference. 

The drugs which could be loaded In liposomes using tills metiiod are all weak amphiphatic compounds. 
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with weak basic or acidic moieties and include among others, doxombicin. epirublcin. daunorubicin, 
carcinomycin. N-acetyladriamycin. rubldazone. 5-imidodaunomycin. N-acetyldaunomycine. all anthracyiine. 
dmgs. daunoryline, propranolol, pentamidine, dibucalne. tetracaine, procaine, chlorpromazlne. vinblastine, 
vincristine, mitomycin C. pilocarpine, physostigmine. neostigmine, chloroquine. amodiaqulne. chloroguanide. 
primaquine, mefloquine, quinine, pridinol. prodlplne. benztroplne mesylate, trihexyphenidyl hydrochloride, 
propranolol, timolol, pindolol, quinacrine. benadryl. promethazine, dopamine, serotonin, epinephnne, co- 
deine, meperidine, methadone, morphine, atropine, decyclomtne. methixene, propantheline, imipramlne. 
amitriptyilne. doxepin, deslpramine. quinidine, propranolol, lldocaine. chlorpromazlne, promethazine, per- 
phenazine. acridlne orange, prostaglandins, fluorescein, carboxyfluorescein. and other molecules similar to 
these above. 

While pH dependent loading have been described previously, the novel system of this inventon 
provides several unique advantages over other methods. The ability to easily control the gradient by simple 
liposome dilution is a natural advantage but novel feature of this type of a daig delivery system. The rate of 
loading is predictable and the final drug concentration achieved depends on the pK of the loaded substance 
and on its hydrophoblcity as determined from Its llpidAvater partition coefficient which can be modified by 
chemical modification of the-dmg. The dmg loading procedure is quick, easy, without demands for 
sophisticated instrumentation and specialty chemicals or even without demand for two l?uffers. 

The primary inventive step over the other similar previously used systems is creating the ammonium 
gradient in such a way that liposomes are exposed a low pH for a very short time prior to loading, and onfy 
at their internal surface and the loading and release can be done at 3r C. This is due to the fact that when 
the external environment of the liposomes is changed, ammonia leaks out and the pH of Internal aqueous 
phase lowers, while the pH of extemaJ aqueous phase does not change. During the dnjg loading, in 
particular as loading begins, the rapid entrance influx of the drug raises the pH partially and quickly, thus 
decrea^ the liposome exposure to low pH. This has an important consequence for the stability of the 
lipid vesicles, since the exposure of phospholipids to low acidic pH for a ksng time may lead to their 

degradation. ^ ^ 

Another important feature of this invention is the stability of the liposomal dmg. By using this system 
and by designing a lipid composition of liposomes, the stability of the liposomal drug Is consWerably 
Improved. This is due to the loading and release of drug at 37« C. This is very important since it has be^ 
found that only very low rates of leakage of the drug occunred during shelf storage at 4^0 for several weeks. 
On the other hand, at higher temperatures, around 50^C there was a substantial leakage of the drug. The 
leakage of the drug from liposomes is also dependent on the lipid composition of the liposomes with the 
EPC/cholesterol preparation leaking at a faster rate than for example the DPPC/cholesterol vesicles, The 
results are illustrated in Table 4. The rate of leakage from liposomes can be controlled by choice of the 
phospholipid used and by the level of cholesterol. For example, addition of DSPC which has a transition 
temperature at 56**C, decreases the leakage release over a broader range of temperature. Adding DPPG, 
which forms specific complexes with amphlphatic drugs results still in different release rates. 

Another important advantage illustrated in Table l of the system of this invention is an ability to load 
very high amounts of a drug Inside liposomes without addition or presence of the iooophores. Since the 
system can self-create a pH gradient of more than 3 units almost instantaneously, a weak base will partition 
between the outside and inside of the vesicles with a ratio of at least l to 1000 because the partitioning 
depends linearly on the outside to inside NH** ratio. This ratio is dependent on the concentration of the 
drug during the loading, and on the drug's solubility In aqueous solutions. By optimizing the dmg 
concentration in the external medium and by preparing ammonium liposomes by methods with high 
ammonium encapsulation during the original loading entrapment the loading efficiency can reach almost 
100%. in this case, the drug/llpid ratio in the liposomes will be lower than in the presence of dmg excess. 

The liposomes useful In the cunrent system may be formed from a variety of vesicle-fbrming lipids, 
including dialiphatic chain lipids, such as phospholipids, diglycerides. dialiphatic glycollplds. single lipids 
such as sphingomyelin and glycosphingollpid, cholesterol and derivatives thereof, alone or in combinations 
and/or withi or without liposome membrane rigidlfying agents. 

As defined herein, "phospholipids" include phosphatidic acid (PA) and phosphatidylglycerol (PG), 
phosphatidylcholine (PC), phosphatidylethanolamine (PE). phosphatidylinositol (PI), phosphatidylserine (PS), 
plasmalogens. and phosphatidylcholine lipid derivatives such as dipalmitoylphosphatidylcholine (DPPC), 
egg phosphatidylcholine (EPC), partially hydrogenated egg phosphatidylcholine (PHEPC), distearyh 
phosphatidylcholine (DSPC). phosphatidylglycerol (PG). such others- These phospholipids may be fully 
saturated or partially hydrogenated. They may be naturally occurring or synthetic. 

The term "glycolipid" as used herein is intended to encompass lipids having two fatty acid chains, one 
of which IS the hydrocariDon chain of sphingosine. and one or more sugar residues. Examples of glycolipids 
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are suitable for practice of the present invention Include cerebrosides, galactocerebrosides, 
glucocerebrosides. spiiingonrtyelins, GMi , sulfatldes and spliingolipids with di- and trf-saccharidds as their 
polar head groups. I.e. dl- and tri-hexosides. 

The term "polyethylene oxides" as used herein means a member of poiyethers of molecular weight 

5 between 500 and 20,000 made by polymerizing ethylene oxide. The primary representative is polyethylene 
glycol. These polyethylene oxides, preferably glycols are suitable to be combined with other lipids, in 
particular with phospholipids,, to form so called PEG-liposomes. The membranes of these liposomes have 
different properties from membranes of solely phospholipid liposomes. The system of this invention is in 
partfcuiar suitable for loading drugs into these liposomes. 

10 In the diallphatic chain lipids, such as phospholipids, which preferably make up the bulk of the vesicle- 
fbrmlng lipids, the aliphatic chains are preferably at least about 12 atoms in length, and optimally are 
between about t5 and 24 atoms long. The chains are also partially or substantially saturated, by which is 
meant that each chain contains at most one unsaturated bond. The saturated aiiphaiic chains produce better 
lipid packing in the liposomes and substantially extend the stability of the liposome formulations by 

75 eliminating lipid oxidative/peroxidative lipid damage. This lack of oxidative damage is observed even in the 
absence of lipophilic free-radical quenchers, such as a-tocopheroF, butylated hydroxytoluene (BHT) or 
vitamin E. which,, and any other Jipid protective agents, may be optionally added In effective amounte. 
Similarly, where steroid-type lipids are included in the liposomes, these are preferably saturated species, 
such as cholesterol and its analogues. 

20 . The lipids used to form the liposome compositions of the present invention may be either charged or 
neutral. Because it is desirable for enhanced retention of the composition that the overall liposome surface 
be negatively charged, neutral or negatively charged lipids are preferred. 

The EPC. DPPG, DPPC, PHEPC and DSPC, preferably used in the current formulations consists of 
about equal amounts of saturated and unsaturated fatty acids of various chain lengths from C12 to C22 

25 preferably CI 6 to C20* To reduce lipid oxidation, when used, predominately polyunsaturated fatty acids are 
hydrogenated to monounsaturated fatty acids. 

The liposome composition may further include cholesterol, cholesteryl hemlsuccinate, cholesteryl 
sulfate, cholesteryl and other derivatives of cholesterol. The liposome composition may t^e further formu- 
lated to include minor amounts of fatty alcohols, fatty acids, and/or cholesterol esters or any other 

30 pharmaceutically acceptable excipients which effect a surface charge, membrane fluidity and increase of 
incorporation of the drug in the liposomes. 



Liposome preparation 

35 

MLV, LUV. OLV, SUV, FTMLV and SPLV liposomes were prepared. All of them were composed of 
phospholipids (PL), preferably EPC. DPPC. DSPC, DSPG and PHEPC. and cholesterol 
(PiyCHOL;2/1;mol/mol) witti optionally added 1-10mol% of PEG. MLV were prepared by ihe tiiin layer 
hydration metiiod described in Chem. Phys. Lipids. 1:225-246 (1987); and in Metiiods in Biochem. Anal. 

40 33:337-462 (1988). SPLV were prepared by tiie lipid hydration performed in an organic solvent, such as 
diethyl ether, according to Biochemistry, 24:2833-2842 (1985). 0.5 mM desferai was included in all aqueous 
solutions used for liposome preparation to minimize the effect of Fe ions or doxorubicin degradation and 
lipid peroxidation according to procedure described in U.S. Patent 4,797.285 incorporated herein by 
reference. All types of liposomes, including PEG-PL MLV. OLV, SUV, SPLV or FTMLV are contemplated to 

45 be within scope of this invention. Liposomes were either formed by any suitable procedure in the presence 
of the ammonium solution or were performed without ammonium and subsequentiy submitted to ammonium 
solution or milieu. Alternatively, ttie ammonium may be encapsulated in tiie liposomes by using any suitable 
method of encapsulation. 

60 

Creation of NhU"^ Gradient in Liposomes 

Liposomes can be prepared in any way generally used for preparation of liposomes. Generally, the lipid 
components chosen for formation of liposomes are combined, if there are more than one, in an optimal ratio 
55 such as phosphatidylcholine and cholesterol in ratio 2:1 and dissolved in an organic solvent such as 
dichlorometiiane. carbon tetrachloride, etiiylene chloride, methylchloroform, benzene, toluene, ethyl chlo- 
ride, isopropyi chloride, chloro, bromo, or fluorobenzene. and such other, preferably chloroform and the 
solvent is evaporated at room temperature until dryness. The pH creating system or compound, such as 
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ammonium sulfate, carbonate, bicarbonate, hydroxide and such other, is added to the residu^ th.n np.d film 
in amounts ta achieve appropriate inner pH in the liposomes, and the desferal or other chelator and other 
water soluble antioxidants such as soluble vitamin E. vitamin C. glutathione, uric a^d^re added for 
stabilization purposes. Altsmatively. commonly used lipophilic antioxidants such as butylated hydrox- 
yanisole. butylated hydroxytoluene (BHT). butylated hydroxyacetone (BHA). ^^^^^"'^^^ 
Lopherol succinate, and propyl gallate. are incorporated in the liposome membrane J^J'a «P°f 
formation and senring as a protectant against peroxidative damage. Uposomes. eitiier as MLV. SUV^uv. 
OLV. SPLV. FTMLV or others are formed by extrusion or any other appropriate method such as sonlcatlon. 
homogenization. etc. 

Inner pH of the Ammonium Sulfate Uposomes 

The passage of the ammonium sulfate containing liposomes on a Sephadex G-50 pre^uilibrated witti 
a different. isoHJsmotic salt solution such as for example 0.15 M NaCI. or KCI solution removes eff^vely 
all or part of outside ammonium sulfate and substitutes it with sodium or potassium chlonde. This creates a 
gradient of ammonium sulfate between the inside and outside of the liposomes. Since neutral ^^J^ 
(NH3) can pass freely through the liposome membrane, a pH gradient Is created in this w^. with the 
mtemal aqueous phase more acidic than the external. The principle is illustrated by Examples 1-4. 

In order to prove the existence of the pH gradient, two independent methods for measurement of 
internal pH of the liposomes were used. Rrst. pyranine (8 hydroxy 1.3.6 pyrenetrisulphonate) was trapped 
inside the liposomes and its fluorescence intensity was measured according to Example 4. Pyranine 
fluorescence intensity is. pH dependent, because the titration of the a+ydroxy group of *e moleaite having 
Die -72 changes its extinction coefficient appreciably. A calibration curve according to Example 4. was 
constnicted varying the pH inside the liposome vesicles in the range of pH 5.0 - pH 7.5 by keeping tiie 
external medium pH constant at pH 7.5. The left shift of the cun« was due to a fraction of the pyranine dye 
eiectrostaticaJly associated with the external surface of the vesicles. This calibration cwve »«8 «««« » 
quantify the change in intemal pH of the ammonium sulfate liposomes, following the dilu«on into solution? 
containing descending ratios of ammonium sulfate to potassium chloride. Different r^os of outeide to mside 
concentration of ammonium sulfate was formed by dilution of outside ammonium sulfate with different salt 

Changes of the fluorescence intensity of pyranine entrapped within ammonium sulfate liposomes ^a 
function of the ratio of external to intemal concentration of ammonium sulfate are Illustrated in Figure l. The 
Roure 1 shows that when the ratio of outsldeAnslde concentration of ammonium sulfate is lowered, the 
inside pH decreases. After passage of pyranine toaded liposomes on a Sephadex G-50 column, pre- 
equilibrated with 0.15 M potassium chtoride at pH 7.5. the pyranine fluorescence indicates an internal pH 
change of the liposomes of at least 3 units. The arrows In the curve describe the internal pH of ammonium 
suifSte liposomes derived fnm the Inset to this figure, inset graph shows the calibration cun« that relates 
the fluorescence of liposome-entrapped pyranine and the liposomal intemal pH. hi onJer to further 
substantiate the existence of the ammonium gradient, the same experiment as descnbed above was 
repeated with the other compounds such as acridine orange, a cytotoxic drug acndme orange is an 
amphiphatfc weak base (pK«9.25). which have the advantage of being fluorescent Instead of trapPfS 
pyranine inside the ammonium sulfate liposomes, liposomes were added to a solution containing acridine 
orange The quenching of the resulting solution was monitored following partitioning into the aqueous phase 
of the liposome, using the-experimental designs described In Example 5 and Illustrated In Figure 2. 

Rgure 2 shows the effect of the gradient of ammonium sulfate between the Inside and the outeide of 
the liposomes on the quenching of acridine orange fluorescence. Inset graph Is an example of one of the 
experimente. Percentage of fluorescence intensity (F.I.) of acridine orange was monitored continuously and 
is shown here as (a). At the specified time (b) liposomes were added and the quenching was followed. At 
steady state. 5 urn of nigeridn was added, shown here as (c) and the extent of the release of quenching 
was used to calculate the ammonium sulfate gradient dependent fluorescence intensity. The details of the 

experiment are described in Example 5. . -« ui-^ 

In liposomes in which the external ammonium sulfate was removed, there was 96.5% quenching erf 
acridine orange, which indicate the large acidification of the intemal aqueous compartmente of the 
liposomes. 

Loading of the Liposomes with Doxorubicin 
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Doxorubicin is an amphiphatic drug similar, In some of its physical properties, to acridlne orange. It is a 
weak amphiphatic base having the amino group (pK = 8.25). Therefore, the drug has properties similar to 
acridlne orange allowing the pH gradient created between the inside and outside of the liposomes to cause 
doxorubicin's loading into the Intemal aqueous compartment of the liposomes. For the purpose of loading 

5 the drug, the ammonium sulfate liposomes formed according to Examples 1-3, were passed on a Sephadex 
G-50 column pre-equlllbrated with a 0.15 M sodium chloride solution, to generate pH gradient, and added to 
the doxorubicin solution in saline-desferal according to methods in Examples 1C-3C. The kinetics of 
Incorporation of the drug is described In Rgure 3. Two preparations of liposomes were used, one composed 
of EPC and cholesterol in molar ratio of 2:1; and second of DPPC and cholesterol in molar ratio 2:1. 

10 Rgure 3 shows the kinetics of the ioading of doxorubicin into ammonium sulfate liposomes. The loading 
was started after removal of external untrapped ammonium sulfate by Sephadex G^50 gel exclusion 
chromatography. Doxorubicin was incubated for the Indicated time with either EPC/cholesterol (-.-.-.-) 
liposomes at 25*»C or DPPC/cholesterol liposomes (- - - -) at 50"C . At the end of Incubation period, 
unincorporated doxorubicin was removed by adsorption on a Dowex SOW column and the concentration of 

15 the phospholipid and drug were determined and used to calculate the Doxorubicin/Upid ratio. 

Free unentrapped doxorubicin (DXR) was removed from the liposome-doxorubicin preparations using 
the cation exchange resin Dowex 5-WX-4 200-400 mesh. The resin was prepared in its sodium form 
according to the procedure descrlt>ed in Biochem. Blophys. Acta , 818: 343-351 (1985) with some 
modifications. The Dowex was added to the liposome-doxorubicin preparation and gently shaken for 20 

20 minutes at room temperature. During the Incubation period the positively charged free doxorubicin binds to 
the Dowex resin while tfie entrapped doxorubicin remains associated with the negatively charged liposomes. 
The Dowex was removed from the liposomal-doxorubicin by vacuum filtration of the mixture tiirough a 5.0 
um Nalgene fllterware funnel (Nalge Company, Rochester, N.Y.). Oowex binds Desferai and therefore the 
latter was added to final concentration of 0.S mM immediately after the removal of the free drug by Dowex. 

2S As can be seen from Rgure 3, the process is biphasic with a quicker phase in tiie first hour and a 
slower phase tiiereafter, ti\e latter continues for about 24 hours. The amount of drug incorporated into 
DPPC/choIesteroi liposomes was double of the amount incorporated into the EPC/cholesterol liposomes. 
Ammonium sulfate liposomes without an Inside-outslde pH gradient incorporated the drug only to the extent 
expected from tiie partition coefficient for tiie specific lipid used, and the intemal volume available. A final 

3a ratio was dependent on lipid concentration. 



Effect of the Degree of Hydrophobicity on the Loading 



Other amphiphatic weak bases, such as for example acridine derivatives, partition much faster than 
doxorubicin into ttie intemal aqueous phase of the liposomes in response to a pH gradient The liposomes 
loaded with daunorubicin, a doxoaibicin analog which lacks the hydroxy group and is tfierefbre more 
hydrophobic than doxorubicinr under the experimental conditions proved tiiat it is so. The rate of 
40 daunorubicin incorporation was higher thart tiiat of doxorubicin, probably due to its about 10 times higher 
hydrophobicity and the incorporation went to completion in less than one hour. 



The Concentration of Doxorubicin Inside the Liposomes 

45 ' 

In order to determine tiie concentration of a loaded drug inside liposomes, tfie Intemal aqueous osmotic 
volume of the vesicles was measured. This was done by the entrapment of the non-measurable radioactive 
tracer inulin. The comparison of the radioactivity per mole phospholipids before and after removal of the 

50. untrapped inulln was used to determine trapped volume using a procedure described in individual 
examples. From the obtained data, tiie internal volume of two preparations i.e. EPC/cholesterol and 
DPPC/cholesterol vesicles, was calculated and results summarized in Table 1. The internal trapped volume 
of the DPPC/cholesterol preparation was almost twice tiiat of the EPC/cholesterol preparation, i.e.. 2.7 
against 1.5 ml/mole. This conrelates well with the size difference between the two populations of liposomes 

55 as shown in Table 1. Also given in the same table are tiie calculated equilibrium concentrations of 
doxorubicin in these two preparations. The intemal doxorubicin concentrations for the two preparations 
which is almost identical, togettier with tiie difference in liposome size, explains the difference in the drug to 
lipid ratio referred to earlier. The identical concentration of doxorubicin in the two vesicle types suggest that 
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the system reached its limits. 



Aggregation of Doxombtcin Inside the Uposomes 

5 

One of the problems often encountered with loading of drugs into liposomes is that there is a limit to 
such loading, i.e. only certain amounts of the drug can be loaJed and that if that limit is reached, the drug 
would often form aggregates In the liposomes. This can be best illustrated by doxorubicin. 

70 It has been previousiy described in Biochemistry. 21:3927-3932 (1982) that at concentrations higher 
than about 1 urn, doxorubicin fonms dimers and higher molecular weight aggregates. Since the concentra^ 
tion achieved in the ammonium sulfate liposomes far exceeds this limit, the physical state of this, dttjg 
inside the^ vesicles was studied. The simplest physical parameter that changes by aggregation Is the 
absorbance spectrum of the drug. The ratio of absorbance at 470 nm to the absorbance at 550 nm can give 

IS a semi-quantitative parameter for the aggregation state of the dmg. Table 2 presents data on this ratio for 
high concentrations of doxorubicin in solution, and also on the same parameter from the doxombidn loaded 
liposomes. Measurements were carried out on a Perldn Elmer Lambda 3B dual beam spectrophotometer. 
The ratio in liposomes was obtained as a different spectrum in which •'empty" liposomes, i.e.. not 
containing doxoaibldn were prepared using the same lipid composition and in identical way served as a 

20 control. By using this procedure the light scattering of the liposomes was conrected. In both cases a 
substantial aggregation of the drug can be inferred from the data. Such aggregation however, is in no way 
detrimental for the release of doxorubicin from the liposomes. 

Ruorescence studies of the entrapped doxorubicin were performed by studying the fluorescent intensity 
of free doxorubicin In solution as a function of its concentration In parallel to the fluorescence intensity of 

25 the liposome entrapped drug. The measurements were canied on a Perkin-EImer MPF-44 spectrofluon> 
meter, using excitation/emission wavelengths of 470 nm and 590 nm respectively. Doxorubicin was diluted 
in saline to the concentrations indicated in Table 3. The fluorescence of the dmg was found to be quenched 
at concentration higher than about IQ-^m. This was done by comparison of the fluorescence at every 
concentration with the fluorescence of the same solution but diluted to a concentration smaller than iq-«M. 

30 Studying the self-quenching in solution presents the problem of the inner filter effect As can be seen in 
Table 3. doxorubicin fluorescance inside the liposomes Is almost 100% quenched. This was calculated from 
the difference between the fluorescence of the liposomes prepared according to Examples 1-4. and the 
fluorescence of the same mixture after diluting it 10 times with isopropanol containing 10% of 0.75 tA HCI. 
Such solution soiubilizes the liposomes completely and therefore causes more than 10* fold dilution in 

35 doxorubicin concentration. A conrection for the difference in fluorescence of doxorubicin in water and the 
acidified isopropanol solution, deduced from measurements of the fluorescence of "free" drug in the two 
solutions, was introduced. The small amount of unquenched doxorubidn is probably due to some free drug 
that leaked out of the vesides. 

40 

l,eakage of Doxorubidn from Liposomes 

One of the important aspects of this invention is the leakage of the doig from the liposomes. The 
leakage can completely negate any benefite achieved by liposome drug encapsulation, it it is fast and 

45 uncontrollable, or if it is too slow. On the other hand, a great benefit and imprc^vement in dmg delivery to 
the tissue can be achieved if the leakage can be time controlled as to provide time release. 

The self-quenching of the doxorubicin fluorescence give a direct and easy method for the determination 
of doxonjbidn leakage from the liposomes. By monitoring any enhancement in the fluorescence intensity, 
which is a reflection of dequenching, one can monitor tfie exact amount of released drug according to 

50 procedure of Example 6. It is to be understood that certain degree of leakage is expected since the removal 
of any unincorporated doxorubicin creates a strong gradient of the drug. 

Table 4 and Rgure 4 show data on the leakage rate from the two types of liposomes. Rgure 4 
illustrates leakage of doxorubicin from liposomes. The figure compares leakage from liposomes with either 
membrane associated or aqueous phase entrapped doxonjbicin. The latter were prepared by the ammo- 

55 nium sulfate loading method as described in the examples using DPPC/cholesterol (-.-.-.-) and 
EPC/cholesterol (- - - ) liposomes. The membrane associated type of liposomes where composed of 
EPC/EPG/cholesterol in ratio of (7/3/4;mol/mol/mol) containing traces of ^H-cholestearyllinoleate. 
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Ammonium Gradient in Liposomes - A COz Generator 

Tlie current invention Is also useful for generation of gases, In particular CO2 as hypereciiogenic 
enhancers for ultrasound imaging. The procedure and results are described in Example 9 and in Rgure- 9. 

CO2 is hyperechogenic and therefore may act as enhancer for ultrasound imaging. Until now It was 
difficult to get a formation of CO2 gas In target organ. One way of utilizing this invention is to administer to 
a target tissue of a person to be diagnosed by ultrasound imaging the ammonium liposomes such as for 
example liposomes having encapsulated ammonium bicarbonate, in the liposomes, the ammonium bicar- 
bonate will dissociate into the ammonium cation which will further dissociate into freehydrogen proton and 
neutral ammonia and bicarbonate anion which dissociates into water and carbon dioxIde.Carbon dioxide and 
neutral ammonia then permeate through the liposome membrane according to ammonium gradient. Thus, 
the ammonium liposomes may act as a cart>on dioxide generator in tissue as described in Figure 5. The 
process Is shown In .Scheme 2 

SCHEME 2 
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The main advantage of this approach is that the liposomes can be targeted to definite tissues and if the 
process of CO2 release is in the right time frame then it may be a suitable image enhancer of organs and 
tissues which can be reached by liposomes. In practice, acidification of aqueous compartment of liposomes 
by the ammonia gradient produces CO2 gas from the NH^HCOa entrapped inside the liposomes. The 
NH4HCO3 is then used to acidify the liposomes and as a CO2 source. This aspect may be used for 
enhancement of ultrasound images as well as for other systems which require a controlled and remote 
release process of gases or other compounds that require at wilt acidification in sites unapproachable by 
conventional techniques. . 

The following examples illustrate methods for making and using the novei procedure of this invention 
but are in no way intended to limit the scope of the invention. 



40 



UTILITY 
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55 



The primary utility of the system of this invention is the easy and efficient loading and release of the 
amphiphatic drugs into and from liposomes by creating the system of two (pH and ammonium) gradients in 
such a way that the liposomes are exposed to a low pH only for a very short time prior to loading, the only 
at their intemal surface and the loading and release can be done at 37** C. The rate of loading and/or 
release is easily manipulated by changing the gradients. The system is physiologically acceptable, non- 
toxic and suitable for loading amphiphatic dnjgs Into liposomes even in situ, useful for example for removal 
from the blood circulation of overdose of amphiphatic compound or for creating jn situ the concentration of 
CO2 for diagnostic imaging. The short exposure of the liposomes to a low pH is reasonably well tolerated 
and thus the stability of the lipid vesicles is greatly improved against the stability of liposomes being 
exposed to low acidic pH for a long time which may lead to phospholipid degradation. This is particularly 
important because the efficient drug loading by the pH gradient can be achieved with properly engineered 
lipid composition together with desired rate of release of the amphiphatic drug from the liposomes. 
Ammonium sulfate liposomes were found to be non-toxic when administered to mice and did not provoke 
any toxic symptoms or caused death. 
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Materials 



Upids: Egg phosphatidylcholine (EPC) was purchased from AvantI Polar Uplds (Binnlnghain. Al): EPp 
95%-^purchased from Asahi.(Japan): Cholesterol was obtained from Sigma (St Louis. MO.): doxorubicin 
was obt^ned from Carlo Erba (Milan. Italy). o.„^,^ 

pH indicators: Pyranine (8-hydroxypyrene-1. 3. 6-trisulfbnate) was purchased from l»4olecular Probes 
(Eugene. Oregon): acridlne orange was purchased from Aldrich. 

Niqericln was purchased from Calbiochem (Mountain View. CA). Daunorubidn was obtained from 
Sigm* alpha.tocopherol succinate and D.l_ alpha-tocopherol. Sephadex G-50. Seph^ose 6B (PJa"y^«) 
and Dowex 50 WX-4 200-400 mesh (Dow Chemical) were obtained from Sigma (St Louis. MO. US/^ 
Desferoxamine mesylate (Desferal) was obtained from Clba Qeigy (Basel. Switzerland) and polycarbonate 
filters wer0-.obtained from Nudeopore (Pleasanton. CA). 



Example 1 



Preparation of EPC/Cholesterol Liposomes with NH» Gradient 

This example Illustrates the preparation of EPacholesterol liposomes with outside to inside ammonium 
sulfate gradient lesser than 1.0 and the loading of the daig into these liposomes. 



A. Preparation of Liposomes 

100 mg of EPC dissolved in 5 ml of chloroform were poured into a round bottom flask and 25 mg of 
cholesterol was added. The chloroform was evaporated using a flash evaporator under reduced Pressure 
until dryness. To the thin lipid film on the surface of the flask was added 5 ml of a solution of 0.11 M 
ammonium sulfate containing 0.5mlVI desferal dissolved in water and the lipids were dispersed in the 
solution by vigorous shaking for approximately half hour. The muWamellar vesicles (MLV) obtained^ve 
were extruded 3 times through a 0.4 urn Nudeopore polycarbonate filter and 3 times through a. 0.2 urn 
polycarbonate filter using the stainless steel extrusion cell under the pressure of ISO psi created by argon 
gas in Millipoie filtralion unit The whole process was carried out at room temperature. The desferal was 
added to protect the lipids and doxorubidn against degradative processes according to the procedure 
described in U.S. Patent Application Ser. No. 808.084. filed on Decenrtier 6. 1985. incorporated hereby 

The MLV produced were either used directly and refenred to as MLV or were hjrther processed, either 
by freezing and thawing (FTMLV) to give FTMLV. or by extrusion to give exfruded oHgolamellar vesicles 

FTMLV were prepared from the above MLV by 10 repetitive freezing tiiawing cycles betweer* Bquid air 
at 25"C, according to Btochim. Biophys. Acta. 817:193 (1985). 

Extruded OLV were prepared from tiie MLV by tiieir extnislon 3 times tiirough 0.4 urn diameter 25 mm 
polycarbonate filter, tallowed by three extnistons through 0.2 urn 25 mm diameter polycarbonate filters 
using argon pressure of 150 PSI. A modified Millipore ultrafittration unit was used for the extrusion. Tfie 
whole extmslon step took less tiian 30 min. 10 sec. of ultrasonic irradiation in bath sonicator (Transortc 
4601 H 35 KHz frequency. 285 watts. Bma Bergwies. Austria) faclBtated ttie extrusion without afJecttng ttie 
quality and properties of tiie extruded OLV. .u ^ •« 

Stable pluriiamellar vesicles (SPLV) are related to tiie reverse phase evaporation vesicles descnbed in 
Proc Natl. Acad. Sd (USA). 75:4194-4198 (1978). They were prepared by removal of diethyl etiier from 
ittierAMrtir ^imuTsion IrTwhfch ttie lipids were present in very high concentration, as descnbed in 
Biochemistry. 24: 2833-28^ (1985), using 110 mM ammonium sulfate solution containing 0.5 mM desferal. 
Washing steps for all vesicles were performed in the above ammonium sulfate solution. 

Uposomes size distribution was determined by quasielastic light scattering (QELS) using ttie Malvem 
4700 automeasure system ascording to Methods in Biochem. Anal. . 33:337-462 (1988) 

Effect of liposome type on ammonium gradient dependent loading of doxombidn. Table 5 shows a 
comparison of doxorubidn toading into three types of multilamellar (Avanti) EPC/cholesteroi liposomes as a 



12 




EP 0 361 894 A2 



10 



IS 



result of ammonium ion gradient In all cases the gradient was obtained by gel exclusion chromatography of 
the liposomes after anmonium sulfate loading. The incorporated doxorubicin was removed by Dowex after 
24 hours incubation at room temperature, and the mole ratio of doxorubicin to phospholipids (DXR/PL) was 
detemiined. Table 5 demonstrates that loading efficiency is in the order SPLV > FTMLV > IVILV. This order 
is related to the trapped volume of these three MLV types. It is of interest that the MLV are Ieai<ier than the 
SPLV or the FTMLV. suggesting better annealing of the latter two types of MLV. . , ^ 

Stability of liposomes loaded with doxorubicin was determined by characterization of the physical and 
chemical stability of egg PC/cholesterol liposomes loaded with doxorubicin by the ammonium sulfate 
gradient method. The lealege of DXR Is temperature dependent with rather high energy of activation. The 
first stage of the physical stability studies was to follow the change in DXfVphospholipid mote ratio of the 
MLV prepared by 3 different methods described In Table 5. 

From data it is clear that leakage at 4PC is dependent on method of liposome preparation. Physical 
stability based on the leakage rate is lir the order FTIWILV > SPLV > MLV. Assuming first order kinetics of 
leakage, the liposomes composed of fluid lipids (Tm < 37^) are most sultabte to be used for the remote 
loading. The above data indicate that the major problems with the stability of these liposomes stability is not 
the chemical stability of DXR and phospholipids, but the leakage of DXR. The latter problem can be 
reduced If phospholipids with high temperabre phase transition are used. 



20 8. Creation of a pH gradient 

The above obtained liposomes were applied to a Sephadex G-SO column pre-equiiibrated with a 0.15 M 
sodium chloride solution containing 0.5 mM desferal and eluted wHh the same solution. To reduce lo^ of 
the large vesicles (IVILV. SPLV and FTMLV) the vesicle dispersions were sonicated for 10 sec in bath 
sonicator. The void volume coniaining the liposomes was collected and used in Step C. 

Altematively. the vesicles were diluted with the above IMaCI solution to give the desired ammonium- 
sulfate gradient between the liposomes and the external medium. For example, by dilution of the liposomes 
1.000 times in 0.15 M sodium chltxide solution a 1 to 1.000 outside to inside ammonium sulfate gradient 
was obtained. 

In another set of experiments, the sodium chloride was substituted wltti ttie potassium chloride. 
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C. Loading of liposomes witti doxorubicin; 

1 ml of a 10 mg/ml solution of doxorubidn HCI dissolved in saline-desferal was added to 1 ml of tiie 
liposome dispersion after the liposomes were gel tittered on a Sephadex Q-50 column in Step B. The 
mixture was incubated at room temperature for approximately 24 hours. The incubation was shorter for 
certain types of kinetic experiments. At «ie end of incubation period, ttie mixture was passed ttirough a 
Dowex 50 WX-4 (Sewa) column to adsorb flie free, unincorporated drug. As small amount of 60 mg of tiie 
resin was able to adsorb as much as 1 mg of free doxombicin In a time shorter tiian less ttian 15 minutes. 
Uposome incorporated doxorubicin did not adsori3 to the Dowex resin at all and remained in «ie liposomes. 
A column containing 1-2 g dry weight of ttie resin was sufficient to adsoria all unincorporated drug. To 
determine the ratio of incorporated drug to liposomal lipid, ttie ptiospholipid and doxorubicin concentration 
were determined. PC concentration was detemiined according to Anal. Biochem.. 104: 10-14 (1980) 
modified so that 20 ul of 10 M HCI were added to ttie assay mixture, in order to avoid partitioning of 
doxorubicin into Hie organic phase of ttie assay. EPC was used for a standard curve. 

Doxorubicin concertration was measured after dissolving liposomes in isopropyl alcohol containing 10% 
of 0.75 M HCI aqueous solution. The absortjance of ttie solution was detenmined in a Peridn Elmer Lambda 
3B UV/VIS dual beam spectiophotometer. using a wavelengtii of 480 nm. and an extinction coefficient for 
doxorubidn in the acidified isopropyl alcohol of 12600 M-\ CM-'. HPLC of the solubilized liposomes wm 
used to assess ttie integrity of the doxorubicin according to ttie mettiod described in J. Patent Sci. 
Technol. . 39: 220-224 (1985). 

55 Example 2 
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Preparation of PPPC/Choiesteroi Liposomes with NH^"^ Gradient 



This example illustrates the preparation of dipaimitoyi phosphatidylcholine/cholesterol liposomes with 
5 ammonium sulfate gradient outside to inside lesser than 1.0 and the loading of the drug into theses 
liposomes. 



A. Preparation of Liposomes 

TO 

100 mg of DPPC dissolved in 5 ml of chloroform were poured into a round bottom flask and 25 mg of 
cholesterol was added. The chloroform was evaporated using a flash evaporator under reduced pressure 
until dryness. To the thin lipid film on the surface of the flask was added 5 ml of a solution of 0.11 M 
ammonium sulfate containing 0.5 mM desferal dissolved in water and the lipids were dispersed in the 
75 solution by vigorous shaking for approximately half hour. The MLV obtained above were extruded 3 times 
through a 0.4 urn polycarbonate filter and 3 times through a 0.2 um polycarbonate filter using the pressure 
of 150 psL created by argon gas in a Millipore filtration unit The whole process was carried out at 50** wall 
above the transition temperature of phospholipid. 

20 

B. Creation of a pH gradient 

The above obtained- liposomes were applied to a Sephadex 6-50 column, pre-equiiibrated with a 0.15 M 
sodium chloride solution containing 0.5 mM desferal and eluted with the same solution. The void volume 
25 containing the liposomes was collected and used in Step C. 

Altemativety. the vesicles were cfiiuted with the above NaCI solution to give the desired amnnonlum- 
sulfate gradient between the liposomes and the external medium. For example, by dilution of the liposomes 
1.000 times In 0.15 M sodium chloride solution a 1 to 1,000 outside to inside ammonium sulfate gradi^t 
was obtained. 

30 In another set of experiments* the sodium chloride was substituted with the 0.15 M of potassium 
chtoride. 



C. Loading of liposomes with doxorubicin. 

1 ml of a 10 mg/ml solution of doxorubicin HCI dissolved in saline-desferal was added to 1 ml of "the 
liposome dispersion after the liposomes were gel filtered on a Sephadex G-50 column. The mixture was 
incut>ated at room temperature for approximately 24 hours. At the end of incut>atton period, the mixture was 
passed through a Dowex 50 \/VX-4 (Serve) column to adsoriD the free unincorporated drug. As small amount 
40 as 60 mg of the resin is able to adsorb as much as 1 mg of free doxorubicin in a time shorter than less than 
15 minutes while liposome incorporated doxorubicin does not adsorb to tiie dowex resin at all and remains 
with the liposomes. A column containing 1-2 g dry weight of the resin was sufficient to adsorb ail 
unincorporated drug. To determine the ratio of incorporated drug to liposomal lipid, the phospholipid and 
doxorubicin concentration were determined as described In Example 1. 

46 

Example 3 



50 

Preparation of EPC/Cholesterol Liposomes with a NH4 * Gradient 

This example illustrates the preparation of 95% EPC/cholesteroi liposomes with ammonium sulfate. 
55 gradient outside to Inside lesser than 1.0 and the loading the drug into theses liposomes. 



A. Preparation of Liposomes 
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100 mg of egg phosphatidylcholine 95% (Asahi) dissolved In 5 ml of chloroform were poured Into a 
round bottom flask and 25 mg of cholesterol was added. The chloroform was evaporated using a flash 
evaporator under reduced pressure until dryness. To the thin lipid film on the surface of the flask was 
added 5 ml of a solution of 0.1 1 M ammonium sulfate containing 0.5 mM desferal obtained from Ciba-Oelgy 
5 dissolved in water and the lipids were dispersed In the solution by vigorous shaking for approximately half 
hour. The SPLV obtained above were extruded 3 times through a 0.4 um polycarbonate filter and 3 times 
tiirough a 0.2 um polycarbonate filter using the stainless steel extrusion cell under the pressure of 150 psi. 
created by argon gas in a Millipore filtration unit The whole process was carried out at room temperature. 
The desferal was added. 



B. Creation of a pH gradient 

The above obtained SPLV were applied to a Sephadex G-50 column pre-equilibrated with a 0J5 M 
75 sodium chloride solution containing 0,5 mM desferal and eluted with the same solution. The void volume 
containing the liposomes was collected and used In Step C. 

Alternatively, the vesicles were diluted with the above NaCI solution to give the desired ammoryum- 
sulfate gradient between the liposomes and the external medium. By dilution of the liposomes 1.000 times 
In 0.15 M sodium chloride solution a 1 to 1,000 outside to Inside ammonium sulfate gradient was obtained. 
20 in another set of experiments, the sodium chloride was substituted witii the potassium chloride. 



C. Loading of liposomes with doxorubicin. 

26 t ml of a 10 mg/ml solution of doxorubicin HCI dissolved In saline-desferal was added to 1 mf of Uie 
liposome dispersion after the liposomes were gel ffftered on a Sephadex G-50 column. The mixture was 
incubated at room temperature for approximately 24 hours. The incubation was shorter for certain types of 
kinetic experiments. At the end of incubation period, tiie mixture was passed through a Dowex 50 WX*4 
column to adsorb the free drug. The resin is abJe to adsorb as much as 1 mg of free doxorubicin in a 15 

30 min time while the sequestered liposome incorporated remains with the liposomes. A column containing 1-2 
g dry weight of tiie resin was sufficient to adsorb ail unincorporated drug. To determine the ratio of 
. incorporated drug to liposomal npid. the phospholipid and doxorubicin concentration were determined as 
described previously. 

35 

Example 4 



40 Loading of Pyranlne Into Ammonium Sulfate Containing Uposomes 



This example illustrates the loading of fluorescent compound pyranine into ammonium sulfate contain- 
ing liposomes and detennlnation of inner pH of these liposomes by measurement of pyranine fluorescence. 

45 Uposomes were prepared as in Example 2 above, with the exception that 0;5 uM of pyranine, (8- 
hydroxy 1 ,3,6 pyrenetnsulphonate). was included in tiie hydration solution which also contained 4-(2- 
hydroxyetiiyl)-l-prperazinethanesulfonic acid (HEPES) buffer, with 10 mM final concentration- and pH 7.5. 
Removal of the untrapped pyranine was achieved by gel filtration on a Sephadex G-50 column, pre- 
equilibrated with 0.1 1 M ammonium sulfate solution containing 0.5 mM desferal and tiie HEPES buffer. For 

50 acidifying, tiie liposomes were passed on a Sephadex column pre-equillbrated with a potassium chloride 
solution buffered with HEPES or diluted in mixtures of ammonium-sulfate and tiie above solution in different 
proportions, to achieve the desired outside/inside ratio of ammonium sulfate. The internal pH of the vesicles 
was determined by measuring tiie relative fluorescence emission of the pyranine. A calibration curve was 
constructed by preparing liposomes in solutions of sodium chloride adjusted to different pH by titration of a 

55 20 mM 4-morphollnoethanesulfonic acid (MES) buffer of pH 5 and 6, and tiie 10 mM HEPES buffer solution. 
Passage on a Sephadex column G-50, as mentioned above, provided a series of liposomes preparations 
witii a fixed external pH of 7.5 but a different internal pH. In all cases the collapse of tiie pH gradient and 
the equilibration of inside-outside pH was achieved by addition of Nigericin to a final concentration of 5uM. 
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Pyranine fluorescence was measured on a Perkin-Elmer LS-5 spectrofluorometer. using excitation/emission 
wavelengths of 460/520 nm. The calibration curve is shown in Rgure 1 . 



Example 5 



Acridtne Orange Incorporation Into Liposomes 



This -example Illustrates the loading of acridine orange into liposomes. Acridlne orange is a weak- 
amphiphatic base^of pK-9.25 of which main advantage Is that It has fluorescence properties. 

1 umol of acridlne orange was added to a solution containing different proportions of potassium chloride 
and ammonium sulfate. The solution was designed to get different outside-inside gradients of ammonium 
sulfate when the liposomes are added. A small aliquot of the liposomes suspensions, calculated to dilute^ 
the liposomes 200 times and prepared as In Example 2A. was mixed with the acridine orange solution ioa 
cuvette, and the quenching of fluorescence was continuously monitored using a Perkin-Bmer LSrS 
spectrofluorometer witti excitation at 480 nm and emission at 525 nm as an indication for the amount of 
acridine orange that was incorporated into the vesicles. After equilibration, nigericin was added to achieve a 
final concentration of 5 urn. The recovery of fluorescence was monitored. The ratio between the fluores* 
cence before and after addition of nigeridn was used to calculate the quenching of acridlne orange 
fluorescence according to the formula: 

F 

100 2 X 100 

P 

wherein Fq is the fluorescence obtained after quenching reached plateau; and Fr, is the fluorescence 
intensity recovered after addition of Nigericin. The quenching can serve as a qualitative Indicator of the pK 
gradient The results ayre summarized in Rgure 2. 

Example 6 



Kinetics of t.eakage of Doxorubicin from Liposomes 

Uposomes containing doxorubicin were prepared exactly as in examples 1A or 2A, respectively/ A 
1 ,000 times dilution of the liposomes in saline was performed and the fluorescence of the mixture was 
monitored continuously in a Peri<in Elmer MPF-44 spectrofluorometer, under conditions of controlled 
temperature of 22*C and 49**C. A continuous, linear rise of the fluorescence was noticed in every case. After 
each experiment, the liposomes were diluted 10 times In isopropyl alcohol containing 10% of 0.75 M HCI. 
aqueous solution. The fluorescence of this solution, in which the liposomes were completely dissolved, and 
the doxorubicin was diluted to an extent that no quenching occurred, was a measure for the total amount of 
drug Inside the liposomes. The amount that leaked, expressed in percentage of the amount of drug 
remaining inside the liposomes, was calculated from the ratio between the increase of fluorescence 
obtained after leakage and the total amount of doxorubicin. Results are given in Table 4. 

Example 7 



Toxicity of Ammonium Sulfate Loaded Liposomes 
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10 



Uposomes were prepared as described in Example 3A using fresh 95% EPC/cholesterol in 2:1 mo^ 
ratio pH gradient was formed by removal of external ammonium sulfate by gel exclusion chromatography 
as described Examples 1A, 2A, 3A. Half of the liposomes was used for loading of doxorubicin usmg mis 
method Other half was injected into tail veins of 6 BALB-C mice at the level of 350 mg PC P^r kg. The 
mice were followed for 6 months. None of the mice died and all of them behaved normally. At this level the 
ammonium sulfate liposomes were non-toxic. 



Example 8 



,5 Loading of Daunorubidn into Liposomes 

Ammonium sulfate liposomes were prepared exactly as in Example 2A above. After separ^on of 
untrapped ammonium sulfate by Sephadex Q-50. l ml of the liposome dispersion was mixed with 10 nr^ of. 
daunoruWdn dissolved in 1 ml of 50»C and at specified time intervals aliquots were iakBn.^ree 
daunorubidn was removed by the same Dowex method described for doxonjbicin in Examples 1A. 2A. 3A. 
and the daunombicin concentration was measured as shown for doxorubicin. It was found that the loading 
was finished in t hour, arid the final molar ratio of daunombicin to phospholipid achieved was 1«. 
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Example s 



Ammonium Qradlent Useful for Ultrasound Imaging 



Ocuscon t28 Computerized Sonography System (Ocuscon. CA. U.S^.) was used throughout all Ihis 
study. To improve the monttoring. the ultrasound probe was coated with Largo Scan-11 ultra fine scanning 
36 gel of cosmetic quality, water soluble and salt free (Biometrix. Jerusalem. Israel). 

Demonstration that CO2 gas produced by acidification of medium containing ammonium bicarbonate 
(NH^HCOs) was made by an ultrasound probe. For this, ammonium carbonate (0.12 M) was placed in a 
beaker. The ultrasound probe was attached to the beaker. No signal was observed. When HQ was added to 
lower the pH to pH 4.0. large signal appeared on the scope proving that the CO2 gas produced by 

40 acidification of NH^COa is indeed hyperechogenic, u- ». 

For demonstration that the ammonium gradient in liposomes can be used to generate COj gas which 
can be monitored fsy an ultrasound pnsbe. SPLV were prepared as described in Example 1 using 80 mg 
EPC and 20 mg cholesterol. The lipids were dissolved in diethyl ether. 0.5 ml of 0.12 mol NH*HC03 was 
added All other steps were identical to those described above. After other evaporaHon under continuous 

41 irradiation, the paste was dispersed in 1 ml 0.12 IVI NhUHCOa. Control SPLV were prepared using identca^ 
conditions except NH^HCOs was replaced by NaCI (0.15 M) so no ammonium gradient could be formed. 1 
ml of the liposome dispersion was placed in a dfalysis bag. The Ocuscon probe was attached to the dialysis 
bag and both together were introduced into a beaker containing either NH^HCOs (0.12 M) or NaO (0.1S M). 
Four different combinations described in Table 6 were tested. 

The finding that only liposomes containing NH*HC03 when dialyzsd against NaCI in the beaker give a 
signal shows that the signal is dependent on the NH** gradient The signal continued for an extended 
period of several hours. This may be a result of either the flow formulation or slow release of the generated 

Feasibifity of the enhancement of ultrasound imaging was demonstrated in mice. BALB/c mice 27 g 
were anesthetized by pentobarbital. Then 0-5 ml of SPLV containing NH4.HOC3 was administered intra- 
venously into the tail vein. The viscera of the mice was monitored by the ultrasound probe and sonogram 
developed. The black spots observed on the sonograms were indications of the hyperechogenicity of the 
ammonium gradient liposomes. 
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TABLE 1 



70 



IS 



Liposome Characterization 


Liposome 
Composition 


Mean* 
Diameter 


Trapped 
Volume 


Lipld/Dox.- 


Dox.*~ Concent 
inside liposomes 


(mole/mole) 


(nm) 


(ml/mole) 


(mole/mole) 


(mM) 


DPPC/Chol 
(2/1) 


323.1±153.9 


2.7 


3.1 


119 


Egg PC/Chol 
(2/1) 


214.5±86.0 


1.5 


5.8 


115 



* t standard deviation 

* Ratio of phospholipid to doxorubicin after loading to equilibrium (mole/mole) and 
removal of free drug by Dowex. 

*** Calculated concentration of doxorubicin inside the vesicles. 
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TABLE 2 



30 



The Change in the OD^so/QE^sso Ratio as Function of Doxorubicin 

Concentration 




Concentration 

m 


OD470 / 
ODbso- 


Doxorubicin solution 


8.6 10-« 
8.6 10-5 

8.6 10-* 


5.15 
3.44 

2.85 


Doxorubicin in DPPC/Chol liposomes" 


1.19x10-' 


1.90 



35 



* - The ratio of absorbance at 470 nm to absorbance at 550 nm. 
*" s Calculated as described in Table 1 . 



40 



TABI^3 



45 


Seif-Quenching of Doxorubicin Ruorescence' 






Concentration 


Quenching 
(%) 


In solution' 


3.4.10-5 
6.9.10-5 
1.7.10-* 


16 
25 
33 


In DPPC/CHOL OLV 


1.19 x 10-' 


97 ±3 


- -50 


In egg PC/CHOL OLV 


1.16x10-^ 


94 t 4 





55 



" Ruorescence emission was corrected for the inner filter effect The SDV in 
% quenching of doxorubicin in liposomes may be related to its slow leakage 
from the liposomes to the external medium. 
OLV - are the ollgolanriellar liposomes. 
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Liposome 
Composi- 
tion 



TABLE 4 

I Aaicaog of Ooxonifaicin froar Liposomes 
Tenperature 



Leakage rate** Energy of Activa- 
tion* 

K cal.ffloTe"^ 



OPPC/CHOL 



24 
49 



0.034 
0.20 



12.3 



Egg PC/CHOL 



22 
49 



0.13 
0.S3 



9-8 



* Energy of activation of the leakage process is calculated from the 
two temperature points assuming equal doxorubicin concentration in 
the two preparations as seen in Table 1, thus using the rate directly 
in the Arrhenius equation. 

** Leakage, rate represent % of total trapped doxorubicin times 
minutes * . 

*** Energy of activation is expressed in Kcal .mole'^. 

-2.303 R (Log nte^ - Log ratej) 



Ea 



1/T, 



l/T, 



TABLES 


MLV type 


DXR/PL 


% leakage at 






4oC in 100 hrs 




moie/rnole 




MLV 


0,26 ± 0.07 


26.9 


FTMLV 


0,42 i 0.08 


15.6 


SPLV 


0.51 i 0.11 


18.7 



BeakerXIjiposcme NaCl 
contentVcQntent 

NaCl Ha signal 

(NH4)HC03 Ha signal 



NH4HCO3 

Strong signal for 
mora than 30 minutes 
Mo signal 
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Claims 

1, A system for loading an amphiphatic molecule into liposomes comprising a fomnatlon of liposome 
suspension in the presence of ammonium compound or ammonium salt wiierein said suspension is diluted 

5 with buffer or salt to provide an inside to outside ammonium gradient between internal aqueous and extei'nal 
aqueous phases and a pH gradient wherein the inside plH of the liposomes is more acidic than the outside 
pH. 

2. The system of Claim 1 wherein the ammonium compound is ammonium sulfate, ammonium 
hydroxide, ammonium bicarbonate or ammonium carbonate. 

10 3. The system of Claim 2 wherein the amphiphatic molecule is doxorubicin, daunorubicin. 

chloroquinone, propranolol, pentamidine, epirubicin, carcinomycin. N-acetyladrlamycin, rubidazole. 5-im* 

idodaunomycinr N*acetyidauno-mycine. ail anthracyline drugs, daunoryline, propranolol, pentamidine. 
. dibucaine, tetracaine, procaine, chlorpromazine. vinblastine, vincristine, mitomycin 0. pilocarpine.^physostigr 

mine, neostigmine, chloroquine. amodiaquine, chloroguanlde. primaquine, mefloquine, quinine, pridihol, 
75 prodipine. benztropine. mesylate, trihexyphenidyl hydrochloride, propranolol, timolol, pindolol, quinacrine, 

benadryl, prometfiazlne. dopamine, serotonin, epinephrine, codeine, meperidine, methadone, morphine. 

atropine, decyclomine. methixene. propantheline, imipramine. amitriptyiine. doxeptn. destpramine. quinidliie. 

propranolol, lldocalne. chlorpromazine. promethazine, perphenazine, acridine orange, prostaglandin. 

fluorescein and carboxyfiuorescein. 
20 4. The system of Claim 3 wherein the amphiphatic molecule is loaded into the liposomes in exchange 

for the ammonium effiuxtng the liposomes due to its concentration and the extent of the drug loading is 

dependent on the ratio of outside to inside ammonium sulfate and on pH In the intemal aqueous phase. 

5. A method for efficient loading of amphiphatic molecules Into liposomes comprising: 
(a) formation of liposomal suspension in the presence of ammonium sulfate; 

25 (b) creating inside to outside ammonium gradient and outside to inside pH gradient by diluting the 

external aqueous phase of suspension of step (a) with a suitable salt or buffer or by removing amnnonfa; 
and 

c) loading the deprotonated amphiphatic drug from the outside to the inside of the liposomes. 

6. The method of Claim 5 wherein the amphiphatic drug is loaded into liposomes by Influx in exchange 
30 for the ammonium efflux according to ammonium gradient. 

7. A suspension of liposomes and amnoonium salt suitable for loading of amphiphatic drug into 
liposomes by providing an ammonium gradient from an internal aqueous phase to external aqueous phase 
of the liposomes by diluting or removing ammonium from the external aqueous phase, wherein said inside 
to outside ammonium gradient creates an outeide to inside pH gradient allowing an amphiphatic drug to be 

35 loaded into liposomes. 

8. Ammonium liposomes for loading of amphiphatic drug having an inside to outside ammonium 
gradient created by dilution or removal of ammonium in the lifx^somes suspension by salt or buffer. 

9. A suspension of liposomes and ammonium salt suitable for release of an amphiphatic drug fronn 
liposomes by creating a reverse pH from an intemal aqueous phase to external aqueous phase of the 

40 liposomes. 

10. Ammonium liposomes suitable for generating carbon dioxide and releasing said carbon dioxide to 
the tissue to enhance hyperechogenicity of ultrasound imaging. 
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